We developed a new immersed boundary method which has various advantages, such as accuracy, flexibility, and rapidness combining with the level set method. We numerically demonstrated some typical examples, such as flows around a sphere, an ellipsoid, a flapping ellipsoid, and a windmill. We calculated coefficients of drag in those problems and visualized vortical structures and Powell sound sources for the various Reynolds number and then compared our results with some previous researches.
Introduction
In recent years, the development of computer performance has enabled us to conduct numerical simulation of highly complex flow phenomena around a moving object whose shape is quite complicated. So far, various types of calculation grids have been proposed. However, the more grids are complicated, the more calculation time and a required memory increase.
Therefore, we paid our attention to the immersed boundary method (later on we abbreviate it as method), which immerses a complicated-shaped boundary at an orthogonal grid system and the level set method which captures any object shape correctly. Although the method is a technique proposed by Peskin [1] in 1972, in order to be able to perform highly precise calculation, having a lot of grids with an orthogonal grid system is required. In virtue of improvement in computer performance in recent years, it receives an attracting attention again. On the other hand, the level set method is the technique of capturing any object shape correctly, and now it is used not only in computational fluid dynamics (CFD) but also in the field of image processing. Moreover, it has the advantage that the moving boundary can be tracked with high accuracy.
In this research, we developed the new computational technique which can be applied to the CFD for a moving boundary or a complicated object shape and can carry out numerical computations rapidly by combining the method for analyzing complicated form by an orthogonal grid system and the level set method for capturing object shape correctly. We calculated the flow around an object by using the level set method and verified the adaptability of the code by changing the Reynolds number. In this research, after computations of the flow around a sphere or an ellipsoid which is stationary or rotates in the uniform flow, then computations of the flow around a moving object in the uniform flow which imitates flapping wings and a windmill are conducted. In addition, in this research, we paid attention to the aeroacoustics, and the aerodynamic sound source was visualized together with the vortical structure and the coefficient of drag.
Dimensionless Equations
The dimensionless equations used in this research are as follows. In addition, since the method is used, the velocity of an object-inside point and of a boundary adjacent point is corrected by external force term ⃗ .
(i) Equation of continuity:
(ii) Navier-Stokes equation:
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A boundary adjacent point ( ⃗ = ⃗ ):
An object-outside point:
An object-inside point ( ⃗ = ⃗ ):
Velocity ⃗ is a velocity given by the level set method, and ⃗ is an object-inside velocity. Besides, the Reynolds number of uniform flow is set to Re, and Reynolds number resulting from rotation and flapping is denoted to Re .
Immersed Boundary Method and Level Set Method
Although various kinds of approximated methods are proposed for the method, in this study, we approximate it by using the distance function called a level set function ( ), which was first introduced in the IB method by the study of Okita et al. [2] ; also the study which used level set method to a moving boundary is introduced by Sato [3] . As shown in Figure 1 , a level set function has the characteristic that the normal distance from a boundary to a grid point is acquired. By calculating the velocity gradients 1 and 2 of two kinds of normal directions ((6) and (7)), the velocity near the boundary is calculated. The existence of a boundary of object is captured correctly from the information of normal distance −1, > 0, +1, < 0 as shown in Figure 2 , and bordering curvature is judged from that of , +1 > , −1 . This technique is the level set method, and since a velocity gradient is made as for order to a normal direction by this method, it leads to improvement in arithmetic precision. In this connection, this technique referred to what was invented by Okita et al., and in this study, the technique was extended so that the influence of a normal velocity gradient might be reflected more greatly, and we tried to raise analysis accuracy. Moreover, even when object velocity changes with places like a moving boundary, there is an advantage that the velocity can be acquired easily by using a level set function.
(i) Normal velocity gradient 1 (2 dimension):
Inside < 0 Boundary = 0
Outside > 0 (ii) Normal velocity gradient 2 (2 dimension):
By substituting (6) to (7) , the velocity of a boundary adjacent point is calculated. And we calculate or with the same procedure. Besides, in this case, angular velocity is uniform, so the velocity can be found if the distance and angle from the center are known. The velocity inside a moving object is as follows:
Computational Methods
In this research, each analysis assumes the incompressible Newtonian fluid, and the inequality interval staggered grids are used. The difference schemes we use are the third order upwind difference scheme (UTOPIA) for the advection terms of the equation of motion, the Euler explicit method for the time derivative term, and the second order central differences for other terms. And, the SOR method is used for the solution of the Poisson's equation of pressure, and the fractional step method is applied to the algorithm of calculation.
Visualization of Sound Source
In this research, a vortical structure by 2 method, a coefficient of drag, streamlines, and sound source distribution are visualized in each result. Sound source distribution is explained in detail below. As one of the causes of noise, the aerodynamic noise (aerodynamic sound) which occurs by turbulence of air is often mentioned. Therefore, although it becomes indispensable in acoustical technology to reduce aerodynamic sound, it is difficult to specify a generating part of sound in an experiment for fluid itself. Therefore, we paid attention to the sound source of aerodynamic sound which can investigate the generating part and generation mechanism of sound. The basic equation of aerodynamic sound calculation is the following Lighthill's equation [4] :
expresses the following Lighthill turbulent stress tensor
The left-hand side of (11) expresses propagation of sound, and the right-hand side expresses a sound source. Since this is a nonhomogeneous wave equation, it is difficult to make analysis by DNS calculation, and in this research, the sound Lateral boundary = 0, = 0, = 0 = 0 source was visualized from the following equation of Powell-Howe [5] which can be used under a flow of low Mach number:
Since 0 is standard density and it is fixed, a sound source is given by div( ⃗ × ⃗ ) (Powell sound source term) of the righthand side of (13) . After calculating a flow field by a separation solution, a sound source is calculated.
Computation around a Rotating
Sphere and Ellipsoid 6.1. Computational Conditions. An analysis model is shown in Figure 3 . The initial condition assumes external uniform flow ( = 1, = 0, = 0, and = 0) for the whole domain, and the boundary condition is set up as shown in Table 1 . The inflow boundary is given by velocity regularity, the outflow boundary is given by the Sommerfeld radiation condition [6] , the velocity at the lateral walls is considered as continuation, and the circumference of an object is set as no-slip condition. Characteristic length is the diameter of a sphere or the short diameter of an ellipsoid. The long diameter of the ellipsoid is extended only to -axis orientation as 1.5 , and rotation is given with respect to the -axis. In both analysis of the sphere and the ellipsoid, the number of grids is ( , , ) = (167, 138, 138), the calculation area is 8 × 6 × 6 , and the center position of an object is (3 , 3 , 3 ). Besides, the computed results are compared with the experimental values which were performed in other researchers by changing Reynolds number in order to show the validity of the present technique. External uniform flow is given in the range of Re = 50−5000, and rotation is given in Re = 500 or 1000. Reynolds number resulting from rotation is set to Re = 0 2 /], and a velocity of objects is given by nondimension angular velocity Ω = Re / Re. some discrepancy can be seen at the high Reynolds number beyond Re = 5000. It would be considered to be the great influence of the number of grids or the size of a calculation area. Comparing values of a sphere and an ellipsoid, the of an ellipsoid is lower than that of a sphere, because the separation in the wake is rather suppressed due to the elongation of the object along the flow direction. Also, Figure 5 shows the relation between value and the rotational rate (Re ). When rotation is given, the value increased in both the sphere and the ellipsoid.
Visualizations of flows are shown in Figures 6 and 7 . In Figure 6 , the 2 method which was proposed by Jeong and Hussain [13] is used for the visualization of vortical structure. The 2 method can extract the domain where the local pressure is minimum, which eliminated incorrect recognition of the vortex caused by unsteady condition and viscous force, and can capture a core of vortex exactly. The color indicates pressure and the figure has the streamline in addition. For the flow around the nonrotating sphere, hairpin-like vortical structure is observed. There is a close resemblance between the present result and the experiment which was carried out by Sakamoto and Haniu [14] . For the flow in the condition where the sphere is rotating, it is observed that the vortex itself which is transported to the region behind the object is rotated. The hairpin-like vortex changed to a spiral complicated one. In Re = 1000, the rotation effect is predominant, and it turns out that the hairpin-like vortex moves in a spiral way. Figure 7 visualizes the Powell sound source in slices of = 3 and = 3 . The sound source is generated near the object, and many sound sources also occurred from the wake at the high Reynolds number. Besides, it is turned out that there is less generation of a sound source around the ellipsoid compared with the sphere under the same Reynolds number. Also at Re = 500, if there is a rotation of an object, it is recognized from Figure 7 that the sound source of a quantity equivalent to or more than that of Re = 1000, Re = 0 (nonrotation) is generated. At Re = 500, Re = 1000, by the great influence of rotation, generation of the sound source in a wake is remarkable, and it is carried to a distant position. Furthermore, it is observed that generation of the sound source in the wake is also promoted in Re = 1000 and Re = 500 condition in which external uniform flow is predominant. An analysis model is shown in Figure 8 . A computational area is taken as shown in Figure 8 . A flat ellipsoid is installed in the center, and it performs a periodic up-and-down motion. In this ellipsoid, the long radius of the − section is , and the short diameter is 0.2 , and another diameter of the − section is also 0.2 . It is assumed that an external uniform flow along -axis direction in the whole domain is given, and nondimensional angular velocity is given between 45 degrees of flapping angle. The ellipsoid is shuttling between 22.5 and −22.5 degrees, and the ellipsoid is not twisted in the direction of -axis. The Reynolds number of an external uniform flow is set to Re = 167, and that of a flapping of wings is set to Re = 350. This analysis assumes plane symmetry with respect to the center plane ( = 0), and thus it makes = 0 at the plane; the Neumann type boundary condition is used for other velocity components and the pressure at a side wall and the upper and lower walls. The number of grids is ( , , ) = (96, 80, 132), a calculation area is 4 × 3 × 8 , and the center position of the object is (2 , 0, 4 ). Moreover, relating to the movement of the object, position information is obtained from the velocity of the object, and the position of the object is overwritten for every time step. Figure 9 , it exhibits that the lift force is changing periodically caused by the flapping of the object. It turns out that the flow is calculated along the object boundary with sufficient accuracy even when a boundary changes for every time. Figure 10 shows the vortical structure by the 2 method, and Figure 11 shows the distribution of sound source on the slice with respect to = 2 and = 0. Also, from Figures 10 and 11 , it turns out that vortical structure and a sound source change periodically, and they have changed to the complicated flow in a wake. It can be observed that the vortical structure and the sound source which were generated by the flapping wings are convected by the external uniform flow. And it is especially observed that the sound source is generated in the back of the object and also near the wingtip where the angular velocity takes its maximum. Moreover, it turns out that the sound source is generated at a nearly constant period around the whole object and in the wake which is separated from the object. Figure 12 shows an analysis model. A computational area is shown in Figure 12 . An ellipsoid is installed in the center, and it rotates with a constant angular velocity. The ellipsoid has the long radius of and the short diameter of 0.2 in the − slice, and the short diameter of 0.067 in the − slice. It is assumed that a uniform flow in the whole domain is given, and the rotation starts with nondimension angular velocity Ω = Re / Re from the position whose angle with the − slice is 90 degrees. The number of grids is ( , , ) = (170, 140, 140), a calculation area is 4 ×4 ×4 , and the center position of the object is ( , 2 , 2 ). The regular Reynolds number of external uniform flow is Re = 500, and the Reynolds number which results from rotation is Re = 500.
Computation around Flapping Ellipsoid

Results and Discussion. First, from
Computation around a Rotating Ellipsoid
Moreover, as having shown in the analysis of the moving boundary which imitates flapping wings in the preceding section, relating to the movement of the object, position information is obtained from the velocity of the object, and the position of the object is overwritten for every time step. Figure 13 shows a vortical structure by the IB method for the flow imitating the windmill, and Figure 14 shows the distribution of the Powell sound source at the slices of (a) = and = 2 , (b) = 2 , (c) = 2 , and (d) = 1.3 , respectively. From Figure 13 , the vortex which occurred by rotation is convected backward by the external uniform flow without breaking off, and it can be observed that the flow has changed to the complicated flow in the wake. This shows that the level set method can trace and calculate the flow around the moving boundary with sufficient accuracy. Especially it is recognized from Figure 14 that the sound source has occurred near the object, the wake, and the wingtip. Besides, in each slice of figures, the sound source in the wake behaves like the Karman's vortices and occurs far away compared with the case of the flapping wings.
Results and Discussion.
Conclusion
In this study, we computed several typical flows around stationary, rotating, or moving objects by using the level set method. It combines the advantages of level set method and method in order to be able to capture the shape of object accurately. Also we visualized the vortical structure and obtained the generating mechanism of the sound source.
By this research, the boundary of a moving object is able to be traced with sufficient accuracy. Moreover, the coefficients of drag and lift were obtained for various types of object that is stationary, rotating, or moving in the wide range of the Reynolds number. The code also can visualize the vortical structure and sound source distribution for various conditions, so it can be considered that these are highly useful and innovative. 
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